Epidemiological studies have shown that the occupational exposure of crystalline silica can lead to silicosis and other lung injury. In this paper, we briefly summarize the various research works that have been conducted related to crystalline silica-induced toxicity. Firstly, a short description of the structure of quartz is presented, followed by the various types of silicosis that can be caused by inhalation of crystalline silica particles. Methods to characterize the particles and mechanisms of particle-cell interactions are also reported. The effect of physicochemical properties such as size, shape and surface functionality that influence the toxicity mechanisms are discussed, followed by a brief description on the effects of free radical generation due to quartz inhalation on biological targets (proteins, lipids and DNA). Finally, methods reported to modify the surface and reduce the quartz-induced toxicity are discussed.
Introduction
The ancient Greeks 1) first reported that inhaled crystalline silica can cause silicosis, which is one of the most important occupational diseases from silica inhalation. Reports on the toxicity of crystalline silica date back to the 1500s when metal diggers were known to wear protective equipments to avoid silica dust inhalation. The disease was initially referred to as 'pneumokoniosis' which means 'dust in the lung', but later replaced with 'silicosis' in 1870 by Visconti, who coined the term 2) . Quartz, one of the three crystalline forms of silica found in the earth's crust, is arranged in a stackedframework of Si-O tetrahedral units to make a 3d structure. Often, there are trace amounts of contaminating elements like aluminum, iron, lithium, magnesium, calcium, sodium and potassium associated with the structure 3) which play a very important role to influence the biological activity of the material. Quartz was established as a Group I carcinogen by the International Agency for Research on Cancer (IARC) working committee in 1997 4) . Despite various disagreements amongst the working group regarding this decision, it was concluded that there did exist sufficient evidence for carcinogenicity in experimental animals and humans caused by quartz inhalation. Moreover, it has also long been implicated with various other lung diseases 5) , the progress of which has been shown to depend directly on the rate of quartz deposition in the lung 6) . However, carcinogenicity of quartz has also been shown to vary considerably across the different industries with similar quartz exposure 7) . As per the views of the IARC working committee 4) , the degree of quartz toxicity depends on the 'inherent' properties of the cr ystal or on other 'external factors' that can affect its biological activity. The 'inherent properties' of silica are determined by the state of its external surface (e.g. defects present, chemical functionalities) which again depends on the origin of the quartz. 'External factors' like contact, association and presence of contamination can trigger or inhibit silica carcinogenicity. Thus, the same quartz sample exhibits variable toxicity behavior, although the basic composition remains the same [8] [9] [10] . The potential influence of external factors 11) may be observed in the different events occurring from the deposition of quartz to the occurrence of silicosis and lung cancer. Despite the substantial volume of research since the early 1950s, on the pathogenicity of quar tzinduced diseases, the exact mechanism of action of crystalline silica is still debatable and inconclusive. There are several reports available from various medical investigations that describe the etiological and morphological facets of silica-induced diseases in detail. But quite frequently, these observations cannot be correlated to the insights obtained from chemical and biochemical processes of quartz toxicity.
The surface of quartz plays an important role in determining its biological effects, as cells and other biological molecules first come in contact with the surface 7, 12) . Thus, in order to understand the basic molecular mechanisms of quartz-induced toxicity, it is crucial to first study the biochemical reactions associated with the surface chemistry of the inhaled cr ystalline silica particles. There are inherent difficulties in finding a clear-cut molecular mechanism mainly due to two reasons 12) :
Most experimental studies on silicosis were conducted using silica samples which were not wellcharacterized. Thus although the available epidemiological data focuses on the quantitative aspects in details, frequently there is no correlation with qualitative issues like the physicochemical characteristics of the inhaled particles. Several particle-cell interactions occur during silica inhalation, leading to specific biological responses manifested by the surface. The varying molecular mechanism at each step lead to differences in surface functionalities. This again leads to variations in the physiochemical characteristics of the dust. Thus, the overall pathogenicity of the inhaled particle becomes more difficult to be interpreted 13) .
This communication is an attempt to summarize from the past and recent literature the effects of different physicochemical parameters that affect the pathogenic mechanism of silica-induced diseases in the lung, present a hypothesis on the toxicity mechanism of crystalline silica and gives a short discussion on some established ways that have been reported to reduce cr ystalline silica-mediated toxicity in the lungs.
Structure of Silica in Relation to Cytotoxicity
Silicon dioxide (SiO2) or silica is the earth's most abundant mineral, occurring in nature in several crystalline forms. The most common cr ystalline forms of silica are and -quartz, α and β-tridymite, α and β-cristobalite 14) . α-quartz is the most common and thermodynamically stable form at room temperature which is converted reversibly to β-quartz upon heating 15) . The dif ferent polymorphic forms are known to exhibit different levels of toxicity. The majority of the population is exposed to α-quartz and hence most toxicity experiments are conducted using this polymorph of silica 12) . Most quar tz samples are associated with trace quantities of metal impurities that play a crucial role in determining its cytotoxic behavior 3, 16) , as mentioned before. These impurities have a tendency to concentrate along certain crystallographic planes or defects inside the solid material, thereby affecting the relative ease of cleavage or fracture along those particular planes 15) . The differences in the relative frequency at which the cleavage planes occur on the surfaces of the polymorphic structures affect their toxicity behavior. Adsorption of impurities from the environment also influences the surface properties of the particles 15) . Moreover, the respirable particle sizes of the inhaled particles are also known to cause variation in the biological activity. The basic difference between inhaling silica particles from other non-toxic particulates is that the latter is engulfed by the macrophages when it reaches the lung and transported through the lymphatic system to lymph nodes and rejected. But the silica particles when taken up by the macrophages can potentially kill the cell and lead to interstitialisation 17) . This phenomenon has been discussed in greater details in the subsequent sections. There are many in vitro and in vivo evidences that demonstrate the particle-cell interactions occurring in the lung 3, 11, [18] [19] [20] [21] . The toxicity investigations associated with silica inhalation in the last 25 years can be classified into the following main categories:
(a) Acellular Tests -These investigations helped to ascertain the role of the different physiochemical parameters of the crystalline silica and correlated it to toxicity results obtained from cellular tests (in vitro and in vivo experiments). For example, the effect of surface-chemistry of well-character-ized samples on the toxicity behavior has been reported by a number of investigators 22) . Although these tests are inexpensive, the results obtained are frequently inconclusive 12) . (b) In Vitro Experiments -The effect of crystalline silica dusts on different cell lines (macrophages cells, epithelial cells and fibroblasts) have been studied in terms of cell viability, membrane integrity 23) , inhibition of cell growth, transformation, release of cytokines 21, 24) and other inflammatory mediators [25] [26] [27] . Although these in vitro models are not able to incorporate all variables from in vivo tests, they do provide valuable information that help in developing the process and determining optimal doses in a cost and time-effective manner. (c) In Vivo Experiments -Most in vivo tests have used rats, mice, hamsters and sheep to test for pathogenic activity in cells and tissues either after silica inhalation or by a comparatively faster and more economical process of intratracheal /intraperitoneal instillation in the lungs 18, 28) . A standard but not 'so pure' quartz sample -namely DQ 12 was developed in the 1970s to standardize and compare animal test results 29) . Data generated from in vivo tests include: lung weight and histomorphology, weight of silica retained in the lung, amount of internalized silica, presence of lipids and proteins in the lung and fibrogenicity. .
Diseases associated with Silica Exposure
The Silicosis and Silicate Disease Committee has extensively studied the various diseases associated with silica inhalation. Silicosis is manifested as four pathologically distinct units 12) namely: chronic silicosis (nodular pulmonar y fibrosis), acute silicosis (alveolar proteinosis), accelerated silicosis and complicated silicosis.
Chronic silicosis (nodular pulmonar y fibrosis): This ancient form of the occupational disease is associated with long period of exposure to low levels of silica dust. This is the most common type of silicosis progressing slowly into a fibrotic disease that causes injury to the lung parenchyma. Chronic silicosis may become fatal due to insufficient gaseous exchange, heart failure or infections. Acute silicosis (alveolar proteinosis): This form of silicosis is observed after 1-3 years of exposure to high concentration of silica dust as in environments where mechanical processes like sandblasting, drilling etc are carried out. Acute silicosis is very often fatal due to the irreparable damage caused in alveolar lining cells from the accumulating surfactants, cell debris and proteinaceous matter. Accelerated silicosis: This form of silicosis is developed due to an exposure of high concentration of silica dust over a shorter period of time ( 5 -10 years). In this case, the process of inflammation, scarring, and development of symptoms occur much faster than in chronic silicosis. Asymptomatic silicosis: In this form of silicosis the early onset of the disease does not present any symptoms, thereby making it very difficult to diagnose.
Certain other outcomes of silica inhalation include an increased susceptibility to bacterial and fungal infections, an increase in the incidence of autoimmune diseases and lung cancer (bronchogenic carcinoma).
Methods to Characterize Silica Surfaces
When compared on the basis of equivalent weights or surface areas, toxicity of silica exceeds other nonfibrous mineral dusts 15) . Initially, a large number of theories based on the reactions of the silanol groups on the particle surface or hydrogen donation to form complexes with phospholipids in cell membranes, were formulated. These theories could not adequately explain the mechanism of toxicity in silica. The formation of silica free radicals on the particle surface is quite possibly the most important factor in the cytotoxicity of silica. The highest production of radicals occurs on a freshly fractured surface and with aging of the silica dust the radical formation decreases 31) .
The toxicity effects of other surface properties like the charge, shape and surface area are yet to be extensively investigated.
In a recent study, to determine the crucial parameters that influence quartz toxicity 28) , Warheit et al have shown that the toxicity behavior is dependent on surface characteristics in rats but not on particle size. Similarly, another critical analysis that considered all physicochemical characteristics like particle size, specific surface areas, experimental uncertainties 32) indicated a slight difference between the cytotoxicity of the three most common crystalline forms of silica (quartz, cristobalite and tridymite) when compared on the basis of equal number of particle number and surface area. The toxicity of crystalline silica can be markedly reduced by surface-modifications using a coating on the particle surface 7) . Examples of coatings used for this purpose include: organosilane, surfactant, polyvinylpyridine-N-oxide (PVNO) 12, 33, 34) and a number of aluminum 8, 12, 33) compounds. Further details on the surface modification techniques to reduce the toxicity are described later. A number of characterization techniques 15) have been developed to identify, quantify and make an attempt at correlating the measurable characteristics of crystalline silica particles to their cytotoxicity. These techniques include 15) : electrophoretic mobility, thermally stimulated luminescence (TSL), electron spin resonance (ESR), composition profiling with energy dispersive X-Ray analysis (EDXA), laser microprobe mass analysis (LAMMA) and infrared spectroscopy (IR).
Interactions between Silica and Biological Molecules
The first step to establish the mechanism of action of any toxic material in the physiological environment is to determine the primar y target cells that are injured or whose function gets altered. In this case, it has been well-established that the inhaled silica particles on reaching the terminal respiratory tract and the alveolar space, activates the alveolar macrophages and an inflammatory response follows. The mechanism by which the alveolar macrophage participates in the inflammatory response, leading to fibrosis in the lung is still debatable.
At least two overall cellular mechanisms 35) could be possible. Firstly, the alveolar macrophages may become cytotoxic after phagocytosis of the particles and release certain 'factors' that may alter or damage cells (e.g. epithelial cells) from the surrounding environment. It may also initiate an inflammator y response, which may become chronic due to the continuous release of the silica particles from the macrophage lysate followed by further engulfment by the macrophages to continue the lytic-cycle 11) . In the second model, the interaction between the silica particles and the alveolar macrophages is non-lytic. It may activate one or more intracellular signaling 35, 36) pathways that lead to the release of inflammator y 'mediators'. The two cellular models may not be mutually exclusive, i.e. one or both may be dominant at a given stage of inflammatory response. For successful clearance, the macrophages engulf the silica particles and migrate to the mucociliar y escalator to leave the lung with their particle-burden, while releasing certain inflammator y mediators in the process. Anything interfering with this chain of events, can lead to the phenomenon of interstitialisation 17) . It is an unwanted outcome where the particles can no longer be cleared by the normal pathways and either remains back in the interstitium to chronically stimulate cells or transfer to the lymph nodes. This has been schematically represented in Fig. 1 17)
. Generally, two events 17) can lead to the failed clearance of any particulate materials deposited in the lung: (a) Presence of toxic particles that may lead to macrophage toxicity (b) Particle Overload.
(a) Presence of toxic particles -Presence of intrinsic toxic particles like quartz can stimulate the inflammatory mediators at a low dose and damage cells at higher doses, leading to acute and chronic inflammation 17) . (b) Particle Overload 17) -If the number of respirable par ticles deposited in the lung is enormously high, due to high airborne mass concentrations, then the phenomenon of particle-overload occurs. Due to phagocytosis of a large volume of particles, the clearance ability of the macrophage gets affected. This leads to its inability to transport the large number of particles that gets deposited on the surface of the lung. The particles that remain left-behind start interacting with the epithelial cells and finally transfer across the epithelium ( Fig. 1) and start accumulating in the interstitium. Continuous exposure under such conditions, shall lead to chronic inflammation, increase in the epithelial permeability, proliferation and clearance-retardation, fibrosis and finally cancer.
Effects of Physicochemical Parameters on Toxicity Behavior
Particle Size and Shape Brown et al 37) studied the particle size effect on toxicity of quartz in MET 5A mesothelial cells. The quartz particles used for the study varied between 0.8 m to 3μm, consisting of three categories ultrafine particles (below 0.8μm), fine particles (0.8μm to 3μm) and coarse particles (above 3μm). It was reported that the toxicity behavior was highest for ultrafine particles and decreased with increase in particles size. In order to study the effect of particle agglomeration, the ultrafine particles were purposely agglomerated in cell-media to sizes above 3 m. It was shown that the toxicity was reduced and became compareable to the coarse particles. An increase in percentage cytotoxicity values was observed with increasing particle concentration (25, 100 and 400 g/ ml used for dosing the cells. The values of cytotoxicity for the different quartz particles at various particle concentrations, following 24 hour exposure, are shown in Fig. 2 
37)
. Similar experiments were carried out using amorphous silica of two different shapes: silica rods and silica spheres. Although no significant differences in cytotoxicity was recognized in this case, the authors also report that this could be due to enhanced agglomeration in rod-shaped particles as compared to their sphere-shaped counterparts. It is generally agreed 38, 39) that the shape of various inhaled particles play a significant role to influence the toxicity. Thin and long fibers are typically more toxic and biopersistent. Variations from the equiaxed to acicularshaped structure lead to an increase in toxicity which could evolve due to various forms of mechanical aggravation to cells and difficulties encountered by the cells to phagocytose the particles in the lungs.
Surface Functionalities
The surface reactivity 12) of cr ystalline silica particles has been shown to affect its biological activity. The particle surface on encountering the lung lining fluids, biological molecules and cells interact to generate free radicals in several ways. The silanol groups (Si-OH) and the ionized silanol groups (Si-O) on the surface play a crucial role in the interaction between the particles and the membranes. The regular SI-O tetrahedral arrangement on the surface of the particle is interrupted if the quartz is comminuted, generating both homolytic and heterolytic cleavages of the SiO bonds that constitute the basic quartz structure. Homolytic cleavages generate the Si and Si-O radicals whereas heterolytic cleavage produces the charged Si and Si-O groups. Inside the lung lining fluid or in the tissue fluid in the physiological environment, the products of homolytic cleavages give rise to reactive oxygen species (ROS) like hydroxyl radical (OH ) and hydrogen peroxide (H2O2) while products of heterolytic cleavages interact with the membranes. Presence of various common metals like iron, aluminum and copper may help to decrease the toxicity of quartz on one hand, but can also add to the oxidative stress by taking part as catalysts in Fenton Reactions on the other. Several investigators have demonstrated that aluminum salts present in minerals found together with quartz can lower quartz toxicity. Moreover, inhaling 300 mg/m 3 aluminum hydroxide for 30 minutes per day for an exposure period of 12 months could successfully attenuate the fibrogenic response in rats. Similarly, in the sheep instillation model of silicosis, lungs of sheep instilled with quartz along with aluminum lactate were found to demonstrate reduced pathology scores and lessened cellular activity in the broncheoalveolar lavage (BAL). Presence of iron salts along with quartz has also been shown to reduce the toxicity in erythrocytes by protecting them against the quartz-mediated injur y. However, the state of the metal is an important factor. For example, metallic iron has the inhibitor y effects, but when present as ferrous or ferric salt contamination could lead to damage due to its role in assisting the ROS formation in Fenton Reaction. In that case, inhaling a mixture of freshly fractured quartz and iron will become more pathogenic than freshly fractured quartz all alone. It is widely accepted that reactive oxygen species (ROS) and reactive nitrogen species (RNS) released from phagocytic cells are involved in inducing inflammation DNA damage and cancer. ROS and RNS generated due to exposure to quartz have long been implicated with lung diseases. Yamano et al reported an elevated level of the oxidative DNA lesions 8-hydroxydeoxyguanosine (8-OHdG) in the lung tissue obtained from rats exposed to quartz. Other investigators have found 8-OHdG induction more concentrated in the lung alveolar regions, and a possible role of isolated neutrophils in the induction of 8-OHdG in lung type II epithelial cells in vitro.
Surface Properties and Mechanism of Toxicity
Hydrogen Bonding -Hydrogen bonding has been implicated in inducing silica toxicity by several authors for a long time 40, 41) . The silanol on the surface of the particle binds to macromolecules via H-bonding. The formation of the bond is determined by the matching between silanol group distribution on the surface and its matching to hydrogen molecule acceptor sites on the biomolecule. Macromolecules that bind tightly onto the surface can mediate the toxicity in at least two ways: (a) May prevent any direct contact between the particle-surface and the biological molecules, thereby reducing the toxicity (b) May act to modify the surface, forming 'non-self' structures that act as antigens on which the immune system starts attacking. Thus there is enhanced toxicity in this case.
Surface Charges -Surface charges can be generated in different ways that could be mechanical and/or chemical 14) . The presence of charges on the surface of ground quartz dust has been observed from electron microscopic images. Generally, the positive charge on the quartz surface originates from mechanical treatments while low humidity atmospheres tend to increase the magnitude of charges 12) . The tendency of the dust to stick tightly to the glass container can be reduced only by heating to very high temperatures (above 800 ). The silicon-oxygen bonds also get cleaved if the dust is ground 12) . A heterolytic rupture on the dust results in the formation of a negative charge on the oxygen atom and a positive on silicon (Fig. 3) . The presence of these charges can influence the adsorption of endogenous matter and contribute towards particle-cell adhesions. Hydrophilicity /Hydrophobicity -The hydrophilicity of the surface contributes towards its membranolytic behavior 42) . The more hydrophobic a surface, less is its tendency to lead to cell membrane lysis. Moreover, hydrophobic moieties tend to get phagocytosed more readily by the macrophages and the process of phagocytosis is directly dependent on the relative hydrophobicity between the particle and the phagocyte in question. The surface of the crystalline silica particle contains patches of hydrophilic and hydrophobic areas 12) . The silanol groups impar t hydrophilicity while the siloxane groups contribute towards making the surface hydrophobic. The degree of hydrophilicity also differs between the different samples of quartz 12) . For example, a completely hydrated silica sur face is more hydrophilic while one which has been heated to higher temperatures (converts the silanes to siloxanes) becomes more hydrophobic 43, 44) .
Quartz and the other crystalline polymorphs of silica are more hydrophobic in comparison to its amourphous counterparts.
Freshly Fractured Surfaces 45) -Cleaving the siliconoxygen bond, either by homolytic or a heterolytic cleavages, leads to the formation (Fig. 3) of dangling bonds 12, 15) and surface charges 15) . These products are very reactive in nature and tend to recombine among themselves and form reactive bridges or react with the environment to form reactive oxygen species at the surface and in sub-surface layers. The potential reactions 12) that occur in the presence of oxygen due to reaction with quartz at the surface are:
If the process of grinding or cleaving the quartz surface is carried out in a liquid medium, the radicals generated depend on the reactivity between the solvent/ solute and the cleaved Si-O bonds 12) . For example, presence of pure water prevents the formation of oxygen radicals whereas hydrogen peroxide tends to accelerate it and in some case induce the formation of hydroxyl radicals in parallel to the formation of other radicals. Free Radical Release -It is hypothesized that the cytotoxicity and pathogenicity of silica dust is due to free radicals 19, 46) generated at the cleavage planes of silica, which make them more reactive to the lung tissues and thereby accelerates the onset of pulmonary diseases. In aqueous media, the Si and Si-O radicals formed on the quartz cleavage forms generate highly reactive hydroxyl radicals (OH ) which are detected and quantified using ESR spectroscopy 15) , using a OH spin trap, like DMPO (5,5 dimethyl-1-pyrroline-N-oxide) 15, 47, 48) . Many investigators have confirmed the release of OH on the surface which can undergo a relatively fast decay to cause even greater damage 47) . This can be correlated to the acute lung injury caused in lungs of workers involved in mining, drilling activities etc. It is important to note that aged metal-free quartz does not release any significant quantity amount of radicals. But as mentioned before, the presence of free metals, can lead to radical formation 47) even on liquid-solid interfaces, that take part in Fenton-type reactions 48) .
Biological Targets of Particle-Cell Interactions
Certain biomolecular targets 12) that provide a simple and rapid approach to study the effect of crystalline silica on the cell membranes are: shown that membranolysis is correlated to the number of silanol groups that occur on the surface of crystalline silica. On heating a cristobalite dust, there is a progressive condensation of silanol into siloxanes. On comparing the different samples, the fibrogenicity remained unchanged but there was a drastic increase in the retention of particles in the lung as well as particle uptake in cells for the sample heated to a high temperature. The site for membranolytic activity is the lysosomal membrane in macrophages, which on phagocytosis of silica particles form the phagolysosomes. The adsorption of proteins and lipids form a coating that can protect the outer cell membrane from the reactive sites on the particle surface. This coating is stripped off by the lysosomal enzymes during internalization, thus exposing the phagolysosomal membrane to the reactive particle-surface. The membrane is then lysed due to molecular interactions between the particle and membrane components. (b) Induced cytotoxicity in macrophages: It is important to study the cytotoxic effects of silica in macrophages, as they form the first line of defense mechanism and play an important role in the pathogenic process. Lactate dehydrogenase (LDH) release from macrophage cells is a good indicator of cytotoxicity, especially from crystalline polymorphs of silica. Several investigators have demonstrated the acute toxicity of quartz using % LDH as a scale. This test is extremely effective for quartz and there are various instances when quartz is used as a positive control 49) for LDH experiments on other particles. (c) Lipid Peroxidation: Lipid peroxidation 47, 50) is the oxidative degradation of lipids in cell membranes in the presence of oxygen and transition metal ions or enzymes. It is an autocatalytic process by which free radicals extract electrons from the lipids in cell membranes resulting in cell damage. It has been established as a biomarker of cellular oxidative stress. The three stages of lipid peroxidation are: initiation, propagation and termination. Initiation consists of extraction of H atoms by ROS like OH , from fatty acids in the cell membrane leaving behind an unpaired electron 51) . During propagation, the lipid radical combines with oxygen to form more radicals, leading to a series of autocatalytic chain reactions. The free radicals produced finally combine together during termination. Lipid peroxidation is quantified by measuring the breakdown products. (d) Free-radical mediated DNA damage: Generally, amino acid sequences of cellular proteins occur in the nuclear DNA (nDNA) or in the mitochondrial DNA (mtDNA) double helix. Although DNA is a very stable molecule, the mtDNA and nDNA can undergo gradual chemical decomposition over its lifetime. Indirect evidences have implicated that oxidative damage from ROS generation 47, 50) in nDNA and mtDNA can lead to inflammation, neurodegenerative diseases, apoptosis, cancer and aging. ROS can cause base modifications (oxidation and deamination), base loss, single and double strand breaks, and cross-linking in DNA. O2 and hydrogen peroxide (H2O2) do not react readily with DNA, but OH reacts readily with all 4 DNA bases. The ability of crystalline silica to cause DNA damage has been investigated using DNA strand breakage assay. (e) Free-radical mediated Protein Modifications: The main amino acid residues of oxidative degradations are histidine, proline, tryptophan, cysteine, tyrosine and to a lesser extent arginine, lysine and methionine 52) . OH is the main radical that initiates the radical chain reactions in proteins by extracting hydrogen atom 50) . In addition to protein fragmentation, OH can also facilitate the generation of protein-protein cross-linkages and induce the formation of higher molecular weight compounds. Methods to detect and measure the oxidative damage in proteins include: protein carbonyl assays and amino acid analysis.
Surface-Modifications to Reduce the Toxic Potential of Silica
It has been noticed that modifying the quartz surface using polymeric coatings like PVPNO 12, 33, 34) , aluminum salts 8, 12, 33) , tetrandine and other surface functionalization techniques can reduce the toxicity of quartz. Moreover, thermal treatments have also been shown to lead to a general loss of biological activity.
Polymer Coating: An effective inhibitor of quartz induced silicosis is PVPNO (poly-vinyl-pyridine-N-oxide) 12, 33, 34) . The unique cytotoxicity of silica is attributed to the silanol groups (-SiOH) on the particulate surface which are good hydrogen donors and can easily form hydrogen bonds with various biological macromolecules that can efficiently accept hydrogen due to the presence of hydrogen acceptors like nitrogen or oxygen groups with lone pair electrons. So Schlipkoter 53) and collaborators postulated that it is possible to mask the -SiOH groups on the particle surface by using hydrogen acceptor molecules like PVPNO. The coated silica would then be theoretically rendered non-toxic, thereby no longer being able to interact strongly with biological molecules. PVPNO, with a chemical name (C7H7NO)n has a molecular weight ranging from 30,000 -200,000 kDa and can effectively reduce the in vitro cytotoxicity of crystalline silica and its in vivo fibrogenicity. Aluminum Salts: It has been shown that the administration of aluminum salt 8, 12, 33) can effectively reduce the adverse effects of crystalline silica. Haldane 54) , in 1917, put forth that the non-fibrogenicity of some 'quartz containing dusts' could be due to the presence of certain clay silicates that help to reduce the toxicity. A couple of decades later, it was reported in the study of Denny et al 55) that inhalation of aluminum dusts can inhibit the pathogenic response of silica. The reduction in the solubility of quartz was demonstrated by a number of investigators 12, 33) using aluminum powder and aluminum lactate [56] [57] [58] [59] [60] . Tetrandine: This chemical has been reported to retard and reverse the fibrotic lesions formed due to silicosis in rats 61) . Tetrandine has been in use in China for a long time as an 'antifibrotic' drug, although its mechanism of action is quite unclear. Current studies have indicated that it possesses anti-oxidant properties that can effectively inhibit lipid-peroxidation and act as a scavenger for hy-droxyl and superoxide radicals inside the body 62) , thereby protecting the cells from oxidative damage. Thermal treatments 12) : As mentioned before, the silanol groups present on the surface of quartz are converted to siloxane bridges, when the structure is heated to high temperatures. Cristobalite samples were obtained by heating a sample of pure quartz dust to 800 and found to be fibrogenic in property. But the same samples were non-fibrogenic when heated to 1300 . Probably, heating to 800 was not sufficient to eliminate all hydrophilic patches that exist on the surface of quartz 12) . Loss of the pathogenic potential of silica occurred due to removal of all hydrophilic regions, when heated to 1300 . Other surface functionalization techniques 12) : The surface properties of quartz can be engineered to attach certain organosilanes with terminal hydrophobic groups 63) . The modified surfaces show an improvement in the fibrogenic properties. This decrease in fibrogenicity has also been observed in p-amino groups. It is obvious that surface functionalization techniques cannot be used to prevent or treat silicosis but could help us to understand silica pathogenicity better.
Summar y
Inhalation of crystalline silica has been shown to cause silicosis from results of epidemiological studies. Physicochemical factors associated with silica dust contribute towards the development of chronic inflammation that may subsequently lead to acute silicosis. The surface activity of crystalline silica particles can influence the generation of free radicals as well as affect particle uptake by macrophage cells in lungs. The undesirable effect of the generated free radical is cell-specific and depends on the form and concentration present in lungs. If not regulated properly, an excess of free radical can disrupt the normal cell functioning and continued exposure can result in pulmonary injuries. Surface modification of crystalline silica particles with polymer coatings, aluminum and tetrandine, thermal treatments as well as other functionalization techniques can reduce in vitro and in vivo toxicity.
